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INTRODUCTION

Gastric cancer (GC), the third most common cause of

Background/Aims: Chemoresistance is a common event after cancer chemotherapy, which is
associated with the deregulation of circular RNAs (circRNAs). The objective of this study was to
clarify the role of circ-LDLRADS in cisplatin (DDP)-resistant gastric cancer (GC).

Methods: The expression of circ-LDLRAD3, miR-588, and SRY-box transcription factor 5 (SOX5)
mRNA was detected by quantitative real-time polymerase chain reaction. Cell viability and the
half maximal inhibitory concentration (IC, ) value were measured by CCK8 assay. Cell prolifera-
tion was assessed by colony formation and EdU assays. Cell apoptosis and cell invasion were
assessed by flow cytometry assay and transwell assay, respectively. The expression of SOX5
protein was detected by Western blotting. A xenograft model was established to verify the role
of circ-LDLRADS in vivo. Exosomes were isolated by differential centrifugation and identified by
transmission electron microscopy and the expression of exosome-related proteins.

Results: circ-LDLRAD3 was overexpressed in DDP-resistant GC tissues and cells. circ-LDL-
RAD3 knockdown decreased the IC,; of DDP-resistant cells and suppressed cell proliferation,
survival and invasion. miR-588 was a target of circ-LDLRAD3, and miR-588 inhibition attenu-
ated the inhibition of DDP resistance, proliferation, survival and invasion in DDP-resistant GC
cells caused by circ-LDLRAD3 knockdown. SOX5 was a target of miR-588, and the inhibition of
the DDP resistance, proliferation, survival and invasion of DDP-resistant GC cells by miR-588
restoration was largely rescued SOX5 overexpression. circ-LDLRAD3 knockdown inhibited DDP
resistance and tumor growth in vivo. circ-LDLRAD3 was overexpressed in exosomes isolated
from DDP-resistant GC cells.

Conclusions: circ-LDLRAD3 knockdown reduced DDP resistance and blocked the malignant
development of DDP-resistant GC by modulating the miR-588/SOX5 pathway. (Gut Liver
2023;17:389-403)
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cancer patients, inherent or acquired drug resistance leads
to more than 90% of unsuccessful treatments.” A better
understanding of the drivers associated with chemoresis-

cancer-related death in the world, is a major health prob-
lem." Radical gastrectomy is the main treatment for early
GC. However, many GC patients cannot be diagnosed
early due to the invisibility of the disease and the lack of
appropriate early detection technology.” For these patients,
systemic chemotherapy, such as cisplatin (DDP), is the
main mainstay of treatment.’ Unfortunately, in advanced

tance may ultimately lead to the optimization of treatment
strategies for GC patients.

Circular RNAs (circRNAs) are famous for their contin-
uous loop-closed structures. Recently, circRNAs are shown
to be extensively expressed in cancer tissues, serum and
cells by RNA sequencing technology.” Unlike linear mol-
ecules, circRNAs are stable and resistant RNase R diges-
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tion, which makes them promising biomarkers in cancer
therapy.’ Emerging studies demonstrate that circRNAs are
involved in cancer initiation, development, radioresistance
and chemoresistance.” For instance, circ-AKT3 overex-
pression strengthened DDP resistance in GC and thus
inhibited GC cell apoptosis after DDP treatment.” Previous
studies provided circRNA expression profiles by perform-
ing RNA sequencing, which was uploaded on the public
database GEO. For example, we analyzed the GEO dataset
(GSE93541) and obtained numerous differently expressed
circRNAs in plasma samples from GC patients. Hsa_
circ_0006988 (circ-LDLRAD3), was shown to be expressed
in plasma from GC patients with a high level, hinting that
circ-LDLRAD3 might be involved in GC development.
Nevertheless, the role of circ-LDLRAD3 in GC was rarely
explored and needed further investigation.

MicroRNAs (miRNAs) have been extensively studied
in human cancer, widely involving in diagnosis, progres-
sion and immune surveillance.” Interestingly, the expres-
sion of miRNAs can be sequestered by certain circRNAs
through “sponge” effects,"” which provides a new idea to
understand the action mechanism of circRNAs. Besides,
miRNAs regulate gene expression by targeting binding
sites of the 3’ untranslated region (3’'UTR) of target genes."'
Based on these opinions, bioinformatics tools present that
there are binding sites of miR-588 on circ-LDLRAD3 and
SRY-box transcription factor 5 (SOX5) 3’'UTR. MiR-588
was previously shown to be a tumor suppressor in GC,"
while SOX5 promoted the malignant development in GC."
The data exposed that miR-588 and SOX5 were implicated
in GC progression. However, it was not clear whether the
involvement of miR-588 and SOX5 in GC was associated
with circ-LDLRAD3 regulation.

Here, we mainly disclosed the role of circ-LDLRAD?3 in
DDP chemoresistance, cell growth, survival and invasion
in DDP-resistant GC cells in vitro. Besides, we identified
the binding relationship between miR-588 and circ-LDL-
RAD3 or SOX5, and demonstrated a novel mechanism to
understand the effects of circ-LDLRAD3 in DDP-resistant
GC. Our study provided a reference for understanding the
pathogenesis of GC with DDP resistance.

MATERIALS AND METHODS

1. Public database

circRNA expression profile was obtained from GEO
database (GSE93541: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE93541). Bioinformatics tool (star-
Base: http://starbase.sysu.edu.cn/) for target prediction was
applied in this study.
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2. Clinical samples

A total of 46 tumor tissues and paired normal tissues
that were preserved at Zhengzhou Central Hospital Af-
filiated to Zhengzhou University were used in this study.
These patients received DDP treatment and classified into
two groups according to therapeutic outcomes, including
DDP-resistant group (n=27; non-response or deteriora-
tion) and DDP-sensitive group (n=19; partial/complete
remission). All patients and their families approved the
experiment and signed written informed consent. Tis-
sue samples were surgically excised from body after DDP
chemotherapy. Relationship between circ-LDLRAD3 ex-
pression and clinicopathologic features of GC patients was
summarized in Table 1. This study was approved by the
Ethics Commiittee of Zhengzhou Central Hospital Affiliat-
ed to Zhengzhou University (approval number: 20210318).

3. Cell lines

GC cells (NCI-N87, HGC-27, and AGS) were obtained
from Bena (Beijing, China) and cultured in RPMI-1640
(Gibco, Grand Island, NY, USA) or F-12K medium (Gibco)
containing 10% fetal bovine serum (Gibco) as appropriate.
Non-cancer cells (GES-1) were also purchased from Bena
and cultured in RPMI-1640 medium containing 10% fetal
bovine serum.

DDP-resistant GC cells were established by treating

Table 1. Relationship between circ-LDLRAD3 Expression and Clinico-
pathologic Features of Gastric Cancer Patients

circ-LDLRAD3

Characteristics No. Lawy High p-value*
(n=23)  (n=23)

Total 46

Sex 0.7631
Female 28 13 15
Male 18 10 8

Age 0.7575
<60 yr 16 9 7
>60yr 30 14 16

TNM grade 0.0331
[+1 18 13 5
l+V 28 10 18

Lymph node metastasis 0.0023
Positive 27 8 19
Negative 19 15 4

Tumor size 0.0018
<5cm 17 14 3
>5cm 29 9 20

Histologic grade 0.0003
Intestinal type 21 17 4
Diffuse type 25 6 19

TNM, tumor-node-metastasis.
*Chi-square test: statistically significant, p<0.05.
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HGC-27 and AGS cells with gradually increasing concen-
trations of DDP (0.5-10 ug/mL; Sigma-Aldrich, St. Louis,
MO, USA) for over 6 months, to establish DDP-resistant
HGC-27 cell line (HGC-27/CDDP) and CDDP-resistant
AGS (AGS/CDDP) cell line.

4. Quantitative real-time polymerase chain reaction
After RNA isolation using Trizol reagent (Takara, Da-
lian, China), cDNA was synthesized using a PrimeScript
RT Reagent Kit (Takara) or miRcute Plus miRNA First-
Strand ¢cDNA Kit (Tiangen, Beijing, China). Then, Super-
Real PreMix Color (SYBR Green; Tiangen) was used for
quantitative real-time polymerase chain reaction (qQPCR)
amplification. Relative expression was processed using the
2*% method, with GAPDH or U6 as an internal inference.
The sequences of primers were shown as below:
Circ-LDLRAD3, F: 5-GACCAGAGAACCCGGCAG-3’
and R: 5-CAGCGTCATGAGGTTGTTCC-3’; LDLRAD3,
F: 5-GCCTGACTGCTTCGACAAGA-3’ and R: 5°-AAT-
GATGCAATGGATGCCGC-3’; miR-588, F: 5-GCGTTG-
GCCACAATGGGT-3’ and R: 5~-AGTGCAGGGTCCGAG-
GTATT-3’; SOX5, F: 5-CGTCCTCCATATAACCGAGC-3’
and R: 5-TCATAGGTTCCATTCTGCCG-3’; U6, F: 5-
CTCGCTTCGGCAGCACA-3’ and R: 5~-AACGCTTCAC-
GAATTTGCGT-3’; GAPDH, F: 5-GATGCTGGCGCT-
GAGTACG-3’ and R: 5-GCTAAGCAGTTGGTGGTGC-3"

5. RNase R treatment

Total RNA isolated from cells was exposed to RNase R
(3 U/ug; Epicentre, Madison, W1, USA) and then used for
qPCR analysis.

6. Cell transfection

The assembled siRNA targeting circ-LDLRAD3 (si-circ-
LDLRAD3) and its negative control (si-NC), circ-LDLRAD3
overexpression vector (circ-LDLRAD3) and pCD5-ciR
blank vector (pCD5-ciR) were all obtained from Geneseed
(Shanghai, China). miR-588 mimic (miR-588), miR-588 in-
hibitor (anti-miR-588), and their matched control (miR-NC
and anti-miR-NC) were purchased from Ribobio (Guang-
zhou, China). SOX5 overexpression vector (SOX5) and
matched blank vector (pcDNA) were provided by Geneph-
arma (Shanghai, China). Lipofectamine 3000 reagent (Invit-
rogen, Carlsbad, CA, USA) was used for cell transfection.

7. CCK-8 assay

Cells were incubated in 96-well plates (3x10” cell/well)
and continued to culture for 24 hours. CCK-8 reagent
(Beyotime, Shanghai, China) was used to incubate cells for
2 hours. The optical density value of cells was measured at
450 nm using a spectrophotometer (Bio-Rad, Hercules, CA,

USA). AGS/DDP and HGC-27/DDP cells were treated with
different doses of DDP. Cell viability was next checked after
24 hours, and half maximal inhibitory concentration (ICy,)
of DDP in these cells was obtained via cell viability curve.

8. Colony formation assay

Cells were incubated in 6-well plates (200 cells/well)
for 2 weeks to induce colony formation. Cell colonies
were fixed and stained with crystal violet (Beyotime). The
formation of colonies was observed by a light microscope
(Leica, Wetzlar, Germany).

9. EdU assay

Cell proliferation was assessed by EdU assay using Cell-
Light EAU Apollo567 in Vitro Kit (Ribobio) in accordance
with the protocol. Images were taken using a fluorescence
microscope (Leica).

10. Flow cytometry assay

Cell apoptosis was checked using an Annexin V-FITC
and propidium iodide Apoptosis Detection Kit (KeyGEN
Biotech, Nanjing, China). In brief, AGS/DDP and HGC-
27/DDP cells were suspended in Annexin V-FITC bind-
ing buffer. Afterwards, Annexin V/FITC and propidium
iodide solution were used to stain cells. FACScan flow cy-
tometry (BD Biosciences, San Jose, CA, USA) was used for
flow cytometry assay.

11. Transwell assay

RPMI-1640 medium or F-12K medium cultured with
HGC-27/DDP cells or AGS/DDP cells was supplemented
to the upper transwell chambers (Corning Incorporated,
Corning, NY, USA) coated with Matrigel (BD Biosciences),
and RPMI-1640 medium or F-12K medium containing
10% fetal bovine serum was added to the lower chamber.
After incubation for 24 hours, the invaded cells were fixed
with paraformaldehyde, stained with 0.5% crystal violet
and observed by a microscope (Leica).

12. Western blot

Western blot assay was conducted as previously men-
tioned."” The primary antibodies, including anti-cyclin D1
(ab16663), anti-MMP9 (ab137867), anti-SOX5 (ab94396),
and the secondary (ab205718) were all purchased from
Abcam (Cambridge, MA, USA).

13. Dual-luciferase reporter assay

According to the wild-type (WT) binding sites of miR-
588 on circ-LDLRAD3 and SOX5 3’UTR, the mutant
(MUT) sequences of circ-LDLRAD3 and SOX5 were de-
signed. By using pmirGLO plasmid (Promega, Madison,
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WI, USA), WT-circ-LDLRAD3, MUT-circ-LDLRAD3, Use Committee of Zhengzhou Central Hospital Affiliated to
WT-SOX5 3’UTR, and MUT-SOX5 3’UTR reporter plas- Zhengzhou University (approval number: 20210318). The
mids were constructed. These reporter plasmids were experimental mice (BALB/c, female, n=24) were purchased
separately transfected with miR-588 or miR-NC into AGS/ from Vitalriver (Beijing, China) and divided into four groups:
DDP and HGC-27/DDP cells, incubating for 48 hours. sh-NC+phosphate-buffered saline (PBS), sh-NC+DDP, sh-
Luciferase activity in these transfected cells was examined circ-LDLRAD3+PBS, and sh-circ-LDLRAD3+DDP. The

using the Luciferase Reporter assay system (Promega). lentivirus suspensions of sh-circ-LDLRAD3 or sh-NC were
provided by Geneseed. AGS/DDP cells were infected with
14. Xenograft model lentivirus-packaged sh-circ-LDLRAD3 or sh-NC and then
Animal study was permitted by the Animal Care and implanted into nude mice by subcutaneous injection. The
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Fig. 1. circ-LDLRAD3 is overexpressed in DDP-resistant GC tissues and cells. (A, B) The public database (GSE93541) provided differently expressed
circRNAs in tumor tissues of GC, and circ-LDLRAD3 was notably upregulated in tumor tissues. (C) The expression of circ-LDLRAD3 in our clini-
cal tumor tissues and normal tissues was detected by gPCR. (D) The expression of circ-LDLRAD3 in GES-1, NCI-N87, AGS and HGC-27 cells was
detected by gPCR. (E) The expression of circ-LDLRAD3 in DDP-resistant/sensitive tumor tissues was detected by gPCR. (F) The ICq, of AGS/DDP,
HGC-27/DDP and their parental cells was detected. (G) The expression of circ-LDLRAD3 in AGS/DDP, HGC-27/DDP and their parental cells was
detected by gPCR. (H, I) The stability of circ-LDLRAD3 was assessed after RNase R treatment.

circ-LDLRADS, hsa_circ_0006988; DDP, cisplatin; GC, gastric cancer; circRNA, circular RNA; gPCR, quantitative real-time polymerase chain reac-
tion; ICy, half maximal inhibitory concentration. *p<0.01, *p<0.001, 1p<0.0001.
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experimental mice were administered with DDP or PBS at a was measured every 3 days. At 23 days posttreatment, these
dose of 1.5 mg/kg in each mouse by intratumoral injection. mice were sacrificed, and tumor tissues in mice were excised
During tumor growth, tumor volume (0.5xlengthxwidth?) for subsequent assays.
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Fig. 2. circ-LDLRAD3 knockdown inhibited DDP resistance of AGS/DDP and HGC-27/DDP cells and blocked cell proliferation, survival and invasion.
(A) The efficiency of si-circ-LDLRAD3 was assessed by gPCR. In AGS/DDP and HGC-27/DDP cells, (B) the ICs, of DDP, and (C) the cell viability were
assessed by CCK-8 assay. (D, E) Cell proliferation was assessed by colony formation assay and EdU assay. (F) Cell apoptosis was monitored by
flow cytometry assay. (G) Cell invasion was monitored by Transwell assay. (H, 1) The protein levels of cyclin D1 and MMP9 were detected by Western
blotting.

Circ-LDLRADS, hsa_circ_0006988; DDP, cisplatin; NC, negative control; gPCR, quantitative real-time polymerase chain reaction; PI, propidium
iodide; ICy, half maximal inhibitory concentration. *p<0.001, $p<0.0001, 1p<0.0001.
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Fig. 2. Continued.

15. Immunohistochemistry (IHC) assay

Tissue sections (6 pm-thick) were prepared, dewaxed,
rehydrated and subjected to antigen retrieval. Tissue sec-
tions were incubated with the primary antibodies, includ-
ing anti-SOX5 (K004916P; Solarbio, Beijing, China) and
anti-Ki67 (K009725P; Solarbio). Then, tissue sections were
incubated with goat-anti rabbit IgG-HRP (SE134; Solar-
bio). The sections were counterstained using the diami-
nobenzidine substrate kit (Solarbio) and observed under a
light microscope (Leica).

16. Exosomes isolation and identification

Exosomes were isolated from cells using an exoEasy
Maxi Kit (QIAGEN, Duesseldorf, Germany) by differential
centrifugation.

The morphology of exosomes was identified by trans-
mission electron microscopy. Simply put, the isolated exo-
somes resuspended in PBS were placed on a chloroform-
coated copper grid with 0.125% Formvar and subjected to
1% uranyl acetate staining buffer. Images were observed
under a transmission electron microscopy (Hitachi, Tokyo,
Japan).

Besides, exosomes were identified by exosome-related
markers, including CD63 and CD9, using Western blot.
The primary antibodies against CD63 (ab134045; Abcam)
and CD9 (ab92726; Abcam) were used here.

17. Statistical analysis

The data from at least three independent experiments
were processed by GraphPad Prism 7 software (GraphPad
Inc., La Jolla, CA, USA). The difference of data between
groups was compared and analyzed by the Student t-test,
and the difference of data among multiple groups were
analyzed by the analysis of variance, followed by Tukey
test. The correlation between two sets was analyzed by
the Pearson correlation analysis. Data are shown as the
meanztstandard deviation. p<0.05 was considered to be
statistically significant difference.
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RESULTS

1. circ-LDLRAD3 was highly expressed in DDP-

resistant GC tissues and cells

We processed the data from the public database GEO
(GSE93541) and found that hsa_circ_0006988 (circ-
LDLRAD?3) was one of the upregulated circRNAs in tumor
tissues (n=3) compared to normal tissues (n=3) (Fig. 1A
and B). In our clinical samples, we confirmed that circ-LD-
LRAD?3 expression was notably increased in tumor tissues
(n=46) of GC (Fig. 1C). The expression of circ-LDLRAD3
was also increased in NCI-N87, AGS and HGC-27 cells
compared to GES-1 cells (Fig. 1D). Moreover, circ-LDL-
RAD3 expression was relatively higher in DDP-resistant
tumor tissues (n=27) than that in DDP-sensitive tumor
tissues (n=19) (Fig. 1E). DDP-resistant AGS and HGC-27
cells were generated, and we found that the IC,, of DDP
was higher in AGS/DDP and HGC-27/DDP cells than
that in AGS and HGC-27 cells (Fig. 1F). Circ-LDLRAD3
expression was also enhanced in AGS/DDP and HGC-27/
DDP cells compared with that in AGS and HGC-27 cells
(Fig. 1G). In addition, circ-LDLRAD3, relative to linear
LDLRAD3, was noticeably resistant to RNase R diges-
tion (Fig. 1H and I). The aberrant upregulation of circ-
LDLRAD3 in DDP-resistant GC tissues and cells hinted
that circ-LDLRAD3 was involved in the development of
chemoresistance in GC.

2. circ-LDLRAD3 knockdown reduced
chemoresistance and inhibited the growth and
invasion in DDP-resistant GC cells
We reduced the expression level of circ-LDLRAD3 in

AGS/DDP and HGC-27/DDP cells by transfecting si-circ-

LDLRAD3 (Fig. 2A). We discovered that circ-LDLRAD3

knockdown reduced the IC,, of DDP in AGS/DDP and

HGC-27/DDP cells (Fig. 2B). Besides, the data from CCK-

8 assay, colony formation assay and EdU assay presented

that circ-LDLRAD3 knockdown inhibited cell viability,

colony formation ability and the number of EdU-positive
cells, suggesting that circ-LDLRAD3 knockdown inhibited

AGS/DDP and HGC-27/DDP cell growth (Fig. 2C-E). The
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data from flow cytometry assay presented that circ-LD-
LRAD3 knockdown promoted AGS/DDP and HGC-27/
DDP cell apoptosis (Fig. 2F). The data from transwell as-
say presented that circ-LDLRAD3 knockdown suppressed
AGS/DDP and HGC-27/DDP cell invasion (Fig. 2G). The
expression of cell cycle marker and invasion marker was
quantified, and the expression of cyclin D1 and MMP9 was
notably decreased in AGS/DDP and HGC-27/DDP cells
after circ-LDLRAD3 knockdown (Fig. 2H and I). The data
suggested that circ-LDLRAD3 inhibited DDP resistance
and cell malignant behaviors in DDP-resistant GC cells.

3. circ-LDLRAD3 targeted miR-588 and suppressed
miR-588 expression
The data from bioinformatics database showed that
circ-LDLRAD3 is bound to miR-588 through several
binding sites (Fig. 3A). The expression of miR-588 was
markedly promoted in AGS/DDP and HGC-27/DDP cells
transfected with miR-588 (Fig. 3B). Besides, the cotrans-

A

fection of miR-588 and WT-circ-LDLRAD3 significantly
reduced luciferase activity, verifying the binding between
miR-588 and circ-LDLRAD3 (Fig. 3C and D). The ex-
pression of miR-588 was remarkably decreased in DDP-
resistant tumor tissues compared to DDP-sensitive tumor
tissues (Fig. 3E), and miR-588 expression was negatively
correlated with circ-LDLRAD3 expression in DDP-resis-
tant tumor tissues (Fig. 3F). Likewise, miR-588 expres-
sion was decreased in AGS/DDP and HGC-27/DDP cells
compared with that in AGS and HGC-27 cells (Fig. 3G). In
AGS/DDP and HGC-27/DDP cells transfected with circ-
LDLRAD3, the expression of circ-LDLRAD3 was notably
increased (Fig. 3H). Moreover, the expression of miR-588
was enhanced in cells after circ-LDLRAD3 knockdown but
declined in cells after circ-LDLRAD3 overexpression (Fig.
3I). Overall, miR-588 was a target of circ-LDLRAD3.
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Fig. 3. miR-588 is a target of circ-LDLRAD3. (A] The WT and MUT sequences of circ-LDLRAD3 were shown. (B) The efficiency of miR-588 mimic
was assessed by qPCR. (C, D) The binding relationship between miR-588 and circ-LDLRAD3 was verified by dual-luciferase reporter assay. (E) The
expression of miR-588 in DDP-resistant/sensitive tumor tissues was detected by qPCR. (F) The linear relationship between miR-588 expression
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WT, wild-type; MUT, mutant; circ-LDLRAD3, hsa_circ_0006988; DDP, cisplatin; NC, negative control; gPCR, quantitative real-time polymerase
chain reaction; ICs, half maximal inhibitory concentration. *p<0.01, *p<0.00‘|, ip<0.00[]1.
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4. The inhibition of miR-588 reversed the role of circ-

LDLRAD3 knockdown

We continued to explore the interactions between circ-
LDLRAD3 and miR-588 in AGS/DDP and HGC-27/DDP
cells. The expression of miR-588 was markedly declined
in AGS/DDP and HGC-27/DDP cells after anti-miR-588
transfection (Fig. 4A). Besides, the expression of miR-588
was markedly enhanced by si-circ-LDLRAD3 but partially
repressed by si-circ-LDLRAD3+anti-miR-588 (Fig. 4B).
The IC;, of DDP in AGS/DDP and HGC-27/DDP cells was
weakened by circ-LDLRAD3 knockdown but recovered by
miR-588 inhibition (Fig. 4C). The data from CCK-8 assay;,
colony formation assay and EdU assay indicated that the
ability of AGS/DDP and HGC-27/DDP cell proliferation

Bl siNC
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Ml Anti-miR-NC B I si-circ-LDLRAD3+anti-miR-NC
[ Anti-miR-588

>

was suppressed by circ-LDLRAD3 knockdown but recov-
ered by miR-588 inhibition (Fig. 4D-F). Circ-LDLRAD3
knockdown-induced cell apoptosis was relieved by miR-
588 inhibition (Fig. 4G). The number of invaded cells was
decreased in AGS/DDP and HGC-27/DDP cells trans-
fected with si-circ-LDLRAD?3 but restored in cells trans-
fected with si-circ-LDLRAD3+anti-miR-588 (Fig. 4H).
The protein levels of cyclin D1 and MMP9 in AGS/DDP
and HGC-27/DDP cells were repressed by circ-LDLRAD3
knockdown but partially recovered by additional miR-588
inhibition (Fig. 4I and J). Overall, circ-cLDLRAD?3 inhib-
ited DDP resistance and cell malignant behaviors in DDP-
resistant GC cells by increasing miR-588.
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Fig. 4. circ-LDLRAD3 exerts its functions by targeting miR-588. (A] The efficiency of anti-miR-588 was assessed by gPCR. In AGS/DDP and HGC-
27/DDP cells transfected with si-circ-LDLRAD3 or si-circ-LDLRAD3+anti-miR-588, (B) the expression of miR-588 was detected by qPCR. (C, D)
The ICs, of DDP and cell viability were detected by CCK-8 assay. (E, F] Colony formation and EdU assays were performed to assess cell prolifera-
tion. (G) Flow cytometry assays were used to assess cell apoptosis. (H) Transwell assays were conducted to assess cell invasion. (I, J) The protein
levels of cyclin D1 and MMP9 were detected by Western blotting.

circ-LDLRADS, hsa_circ_0006988; gPCR, quantitative real-time polymerase chain reaction; DDP, cisplatin; NC, negative control; ICs, half maximal
inhibitory concentration. *p<0.01, 'p<0.001, *p<0.0001.
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5. miR-588 inhibited SOX5 expression by binding to
SOX5 3'UTR
Public bioinformatics database showed that miR-588 is

bound to SOX5 3’UTR via several binding sites (Fig. 5A).

The cotransfection of miR-588 and WT-SOX5 3’UTR no-
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tably decreased luciferase activity, confirming the binding
between miR-588 and SOX5 3’UTR (Fig. 5B and C). The
expression of SOX5 mRNA was notably enhanced in DDP-
resistant tumor tissues compared to DDP-sensitive tumor
tissues (Fig. 5D), and SOX5 mRNA expression was nega-
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Fig. 5. SOX5 is a target of miR-588. (A) The WT and MUT sequences of SOX5 3'UTR are shown. (B, C) The binding relationship between miR-588
and SOX5 3'UTR was confirmed by dual-luciferase reporter assay. (D) The expression of SOX5 mRNA in DDP-sensitive/resistant tumor tissues was
detected by gPCR. (E) The correlation between SOX5 mRNA expression and miR-588 expression in DDP-resistant tumor tissues. (F) The expres-
sion of SOX5 protein in DDP-resistant/sensitive tumor tissues was detected by Western blotting. (G) The abundance of SOX5 in tumor tissues was
detected by immunohistochemistry assay (40x). (H) The expression of SOX5 protein in AGS/DDP, HGC-27/DDP and their parental cells was detect-
ed by Western blotting. (1) The expression of SOX5 protein in AGS/DDP and HGC-27/DDP cells with miR-588 restoration or inhibition was detected
by Western blotting.
SOX5, SRY-box transcription factor 5; WT, wild-type; MUT, mutant; 3'UTR, 3" untranslated region; DDP, cisplatin; NC, negative control; qPCR,
quantitative real-time polymerase chain reaction. *p<0.01, 'p<0.001, *p<0.0001.
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tively correlated with miR-588 expression in DDP-resistant
tumor tissues (Fig. 5E). Moreover, the high abundance of
SOX5 in DDP-resistant tumor tissues was verified by West-
ern blot and IHC assays (Fig. 5F and G). The expression of
SOXS5 protein was also increased in AGS/DDP and HGC-
27/DDP cells compared with that in AGS and HGC-27
cells (Fig. 5H). Additionally, the expression of SOX5 pro-
tein was decreased in AGS/DDP and HGC-27/DDP cells
with miR-588 enrichment but largely strengthened in cells
with miR-588 downregulation (Fig. 5I). The data indicated
that SOX5 was a target of miR-588.

6. miR-588 restoration inhibited DDP resistance and
cell malignant behaviors in DDP-resistant GC cells
by depleting SOX5
The expression of SOX5 was notably increased in AGS/

DDP and HGC-27/DDP cells transfected with SOX5 (Fig.

6A). Besides, the expression of SOX5 was declined in

AGS/DDP and HGC-27/DDP cells transfected with miR-

588 alone but recovered in cells transfected with miR-

588+SOX5 (Fig. 6B). The IC, of DDP was declined in AGS/

DDP and HGC-27/DDP cells with miR-588 restoration,

while the IC;, of DDP was partly reinforced in cells with

SOX5 reintroduction (Fig. 6C). Through CCK-8 assay,

colony formation assay and EdU assay, we believed that the

ability of AGS/DDP and HGC-27/DDP cell proliferation
was suppressed by miR-588 restoration but recovered by
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SOX5, SRY-box transcription factor 5; DDP, cisplatin; NC, negative control; ICs, half maximal inhibitory concentration. *p<0.01, fp<0.00‘|, ip<0.0001.
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the reintroduction of SOX5 (Fig. 6D-F). Besides, miR-588
restoration-induced cell apoptosis was partially blocked by
SOX5 overexpression (Fig. 6G). The capacity of cell inva-
sion was suppressed by miR-588 restoration but largely
recovered by SOXS5 reintroduction (Fig. 6H). In addition,
the protein levels of cyclin D1 and MMP9 were reduced
in AGS/DDP and HGC-27/DDP cells transfected with
miR-588 alone but restored in cells transfected with miR-
588+SOX5 (Fig. 61 and J). The data revealed that miR-588
restoration inhibited DDP resistance and cell malignant
behaviors in DDP-resistant GC cells by depleting SOX5.

7. SOXS5 expression was depleted by circ-LDLRAD3
knockdown but recovered by miR-588 inhibition
Additional study found that the expression of SOX5

mRNA and protein was remarkably declined in AGS/

DDP and HGC-27/DDP cells transfected with si-circ-

LDLRAD3, while the expression of SOX5 was partially

recovered in cells transfected with si-circ-LDLRAD3+anti-

miR-588 (Fig. 7). The data suggested that circ-LDLRAD3
knockdown suppressed SOX5 expression by enriching
miR-588.

8. circ-LDLRAD3 downregulation inhibited DDP

resistance in vivo

To determine the role of circ-LDLRAD3 on DDP re-
sistance in vivo, xenograft models were constructed. As
shown in Fig. 8A and B, DDP administration significantly
inhibited tumor volume and tumor weight, and additional
circ-LDLRAD3 knockdown inhibited tumor chemoresis-
tance to DDP and further suppressed tumor volume and
tumor weight. Besides, the expression of circ-LDLRAD3
and SOX5 protein was decreased, while the expression of
miR-588 was enhanced in tumor tissues from the sh-circ-
LDLRAD3-administered groups (Fig. 8C and D), hinting
that the inhibitory tumor growth was associated with the
decreased expression of circ-LDLRAD3 and SOX5, and
the enhanced expression of miR-588. IHC assay showed
that the abundance of SOX5 and Ki67 was decreased in the
sh-circ-LDLRAD3+PBS group compared to sh-NC+PBS
group, and their abundance was also decreased in the sh-
circ-LDLRAD3+DDP group compared to sh-NC+DDP
group (Fig. 8E), suggesting that circ-LDLRAD3 downregu-
lation inhibited tumor growth.

9. circ-LDLRAD3 could be transferred by exosomes
and was overexpressed in exosomes deriving
from AGS/DDP and HGC-27/DDP cells
Exosomes were isolated from AGS/DDP and HGC-27/

DDP cells. The morphology of exosomes was identified

by transmission electron microscopy, and a typical lipid
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Fig. 7. circ-LDLRAD3 knockdown inhibited the expression of SOX5 by
enriching miR-588. (A, B) The expression of SOX5 mRNA and protein
in AGS/DDP and HGC-27 cells transfected with si-circ-LDLRAD3
alone or si-circ-LDLRAD3+anti-miR-588 was detected by qPCR and
Western blotting.

circ-LDLRADS, hsa_circ_0006988; SOX5, SRY-box transcription fac-
tor 5; gPCR, quantitative real-time polymerase chain reaction; DDP,
cisplatin; NC, negative control. *p<0.01, 'p<0.001, *p<0.0001.

bilayer membrane structure was observed in exosomes
isolated from AGS/DDP and HGC-27/DDP cells (Fig.
9A). The markers of exosomes, including CD63 and CD9,
were noticeably detected in cell exosomes by Western blot
but rarely detected in supernatant (Fig. 9B). The data veri-
fied the existence of exosomes. In addition, we found that
the expression of circ-LDLRAD3 was higher in exosomes
isolated from AGS and HGC-27 cells compared to GES-1
cells, and circ-LDLRAD3 expression was higher in exo-
somes isolated from AGS/DDP and HGC-27/DDP cells
compared to AGS and HGC-27 cells (Fig. 9C). Exosomes
isolated from AGS/DDP and HGC-27/DDP cells were used
to incubate AGS and HGC-27 cells, respectively, and we
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Fig. 8. circ-LDLRAD3 knockdown suppressed tumor growth in vivo. (A) During the period of tumor growth, tumor volume was measured every 3
days. (B) Tumor weight was measured after tissue excision. (C) The expression of circ-LDLRAD3 and miR-588 in tumor tissues was detected by
gPCR. (D) The expression of SOX5 protein in tumor tissues was measured by Western blotting. (E) The abundance of SOX5 and Kié7 in tumor tis-

sues was monitored by immunohistochemistry assay (40x).

circ-LDLRADS, hsa_circ_0006988; gPCR, quantitative real-time polymerase chain reaction; SOX5, SRY-box transcription factor 5; PBS, phosphate-
buffered saline; DDP, cisplatin; NC, negative control. *p<0.01, *p<0.001, tp<0.0001.

found that the expression of circ-LDLRAD3 was strikingly
elevated in AGS and HGC-27 cells after exosomes incuba-
tion (Fig. 9D). Moreover, the expression of circ-LDLRAD3
was notably declined in exosomes isolated from AGS/DDP
and HGC-27/DDP cells with the treatment of GW4869 (an
inhibitor of exosomes) (Fig. 9E). These data suggested that
circ-LDLRAD3 could be transferred by exosomes and was
overexpressed in exosomes deriving from AGS/DDP and
HGC-27/DDP cells.

DISCUSSION

circRNA has gradually become a hotspot in the field of

400 www.gutnliver.org

RNA and cancer research, whereas the functions of most
circRNAs have not been discovered yet. In this study, we
focused on circ-LDLRAD3 and discovered that a higher
expression level of circ-LDLRAD3 was shown in DDP-
resistant GC tissues and cells. The downregulation of circ-
LDLRAD3 enhanced DDP sensitivity in DDP-resistant GC
cells and inhibited cell proliferation, survival and invasion.
For mechanism analysis, we found that circ-LDLRAD3
could serve as miR-588 sponge to releasing SOX5, mean-
ing that circ-LDLRAD3 knockdown blocked the develop-
ment of DDP-resistant GC through miR-588 enrichment-
mediated SOX5 inhibition. Besides, circ-LDLRAD3 was
shown to be highly expressed in exosomes from DDP-
resistant cells, which provides a basis for circ-LDLRAD3 as



Liang Q, et al: circ-LDLRADS Inhibits the Development of DDP-Resistant Gastric Cancer

(]

[0
& e 2 101
AGS/DDP HGC-27/DDP S & & & F
- — e N —
; v & o <& 5 (=)
E & F & 45
& F 22 .
P 97
cD63 - - o5
L&)
cos| wm| - 2
©
—_— 0_
AGS/DDP HGC-27/DDP 2
c Il PBS c Bl GW4869(-)
° [ Exosome treatment 2 [ GW4869(+)
1% 3' ¥ %] 15'
® ®
o o
X x
[} [0}
8 21 2 1.0
< <
[\
) - *
8 5 t
S 14 5 0.5
C ©
[ (9]
= >
T 0- & 0-
& AGS HGC-27 &’ AGS/DDP HGC-27/DDP

Fig. 9. circ-LDLRAD3 was highly expressed in exosomes isolated from DDP-resistant gastric cancer cells. (A} The morphology of the isolated exo-
somes were identified by transmission electron microscopy. (B) The expression of exosomes-related proteins was detected by Western blotting. (C)
The expression of circ-LDLRAD3 in exosomes isolated from various cells was detected by gPCR. (D) Exosomes isolated from AGS/DDP and HGC-
27 cells were used to incubate AGS and HGC-27 cells, and the expression of circ-LDLRAD3 was measured by qPCR. (E) The expression of circ-
LDLRAD3 in exosomes treated with exosomes inhibitor was detected by qPCR.

circ-LDLRAD3, hsa_circ_0006988; DDP, cisplatin; qPCR, quantitative real-time polymerase chain reaction. *p<0.01, "p<0.001, *p<0.0001.

an exosomal biomarker to predict DDP resistance in GC.
circ-LDLRAD3 is derived from the exon5 region of
LDLRAD3 mRNA by “back-splicing,” with 346 nucleotides
in length. circ-LDLRAD3 was previously shown to be up-
regulated in pancreatic cancer cells, tissues and plasmas,
and high circ-LDLRAD3 expression was associated with
cancer metastasis and invasion.” The knockdown of circ-
LDLRAD3 inhibited pancreatic cancer cell proliferation,
migration and invasion.'® The similar effects of circ-LD-
LRAD3 knockdown were also observed in non-small cell
lung cancer, and the data presented that circ-LDLRAD3
knockdown suppressed non-small cell lung cancer cell
proliferation and invasion."” A recent study reported the
role of circ-LDLRAD3 in GC and mentioned that circ-LD-
LRAD3 knockdown repressed GC cell proliferation, inva-
sion and migration."® Largely consistent with these studies,
our study discovered that circ-LDLRAD3 expression was
higher in cancer tissues and cells relative to normal tissues
and non-cancer cells, and circ-LDLRAD3 expression was
further increased in DDP-resistant cancer tissues and cells
compared to DDP-sensitive tissues and cells. We assumed
that circ-LDLRAD3 high expression was linked to DDP
resistance and found that circ-LDLRAD3 knockdown
weakened IC,, of DDP in DDP-resistant GC cells and
inhibited cell proliferation, survival and invasion. All find-
ings indicated that circ-LDLRAD3 drove the development

of DDP chemoresistance in GC. Moreover, we found that
circ-LDLRAD3 expression was notably enhanced in exo-
somes from DDP-resistant GC cells compared to normal
GC cells, suggesting that circ-LDLRAD3 could be trans-
ported by exosomes. It has been demonstrated that cancer-
derived exosomes play effects on the development of can-
cers and are widely distributed in numerous body fluids."”
CircRNAs carried by exosomes are regarded as diagnostic,
prognostic or predictive biomarkers in cancers."*’ We thus
speculated that exosomal circ-LDLRAD3 might be used
as a biomarker to predict DDP resistance in GC, which
needed further exploration.

Bioinformatics tools showed that there were binding
sites of miR-588 on circ-LDLRAD3. To determine whether
circ-LDLRAD3 played functions by acting as miR-588
sponge, we performed rescue experiments and found that
the inhibitory IC;, of DDP, cell proliferation, survival and
invasion by circ-LDLRAD3 knockdown were partially re-
covered by miR-588 depletion. Previous studies reported
that miR-588 was downregulated in GC, and miR-588
overexpression inhibited GC cell migration, invasion and

12,21 .
Besides, the tumor

epithelial-mesenchymal transition.
suppressor role of miR-588 was also determined in breast
cancer and osteosarcoma.”** Similarly, our data mani-
fested that miR-588 restoration inhibited IC,, of DDP, cell

proliferation, survival and invasion in DDP-resistant GC
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Fig. 10. Graphic summary illustrat-
ing the main findings of the present
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cells, hinting that the enrichment of miR-588 might be a
strategy against DDP resistance in GC treatment.

Furthermore, bioinformatics tools provided binding
sites of miR-588 on SOX5 3’'UTR. Besides, SOX5 expres-
sion was negatively correlated with miR-588 expression
in DDP-resistant tumor tissues. SOX5 was previously
reported to promote GC cell migration and invasion by
activating epithelial-mesenchymal transition, and high
SOX5 expression was linked to clinical metastasis and poor
prognosis of GC patients.”” SOX5 expression was regulated
by miR-539, and miR-539 suppressed GC cell proliferation
and migration by depleting SOX5.”* Considering the vital
role of SOX5 in GC, we screened SOX5 as a target of miR-
588 in our study. Rescue experiments showed that SOX5
overexpression recovered DDP resistance, cell prolifera-
tion, survival and invasion that were inhibited by miR-588
restoration, indicating that miR-588 inhibited the develop-
ment of DDP-resistant GC by sequestering SOX5.

In conclusion, circ-LDLRAD3 knockdown enhanced
DDP chemosensitivity and inhibited the malignant devel-
opment in DDP-resistant GC through miR-588-mediated
SOX5 inhibition (Fig. 10). Exosomal circ-LDLRAD3
might be a promising biomarker for the detection of DDP-
resistant GC. This study further disclosed the role of circ-
LDLRAD?3 in GC, and targeting circ-LDLRAD3 might be
a new strategy for GC treatment.
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